Molecular diagnostic tests based on PCR preceded by reverse transcription (RT-PCR) have become the method of choice for the detection of viral pathogens with RNA genomes (24) . A variety of commercial assays have been developed for several RNA viruses with high clinical impact. However, in developing countries, commercially available kits tend to be expensive and hard to find, highlighting a need for developing molecular diagnostic tools using affordable technology and standardized procedures for the clinical laboratory setting in these nations.
One of the deficiencies of in-house diagnostic methods based on RT-PCR is that they generally omit reaction-specific internal controls (ICs) to monitor the extraction, RT-PCR, and detection steps of the assay with the risk of obtaining falsenegative results. An appropriate control for RT-PCR-based assays should be stable, homogeneous, economical to produce, noninfectious, absent from clinical samples, and able to verify the efficiency of the procedure at every step (24, 25) . Such a control could indicate if a negative result is due to the absence of virus in the sample, the presence of reaction inhibitors, or an unsuccessful nucleic acid extraction step. However, the production of controls with the above-described characteristics has been technically difficult because of the need to produce stable and RNase-resistant RNAs.
The main strategy developed to overcome this problem includes the production of an exogenous IC that is added to the sample prior to nucleic acid extraction. For these purposes, noncompetitive ICs and competitive ICs (CICs) have been described (2, 5, 6, 7, 8, 9, 14, 25, 32) . In the noncompetitive IC strategy, separate primer pairs are used to detect the control and the target of interest. This approach is attractive because a noncompetitive IC could be used as a universal control for the detection of different RNA targets (6, 7) . However, amplification of such a control may not accurately reflect the amplification of the target due to differences in the amplification efficiencies between them. In contrast, the CIC strategy overcomes this limitation of noncompetitive ICs. CICs hybridize to the same primers and have identical amplification efficiencies as the target nucleic acid but contain discriminating features, such as sequence variations, that allow specific targeting using hybridization probes. Currently, armored RNAs (25) are the only technology fulfilling the ideal requirements for the production of RNase-resistant controls. Armored RNA is a noninfectious coliphage MS2 derivative that is produced by assembling specific RNA sequences and viral coat proteins that are packed as MS2 pseudoviral particles and thus protected from RNase degradation (25) . This technology was first applied to the development of standards for RT-PCR detection of human immunodeficiency virus (HIV) (25) , hepatitis C virus (HCV) (32) , West Nile virus (9) , and other high-consequence animal viruses (14) . Subsequently, armored RNA CICs for the screening of blood donors for HIV (8) and enteroviruses (2) were described. These CIC RNAs contain the same primer binding sites as the target RNA but have a different probe region. Armored RNAs for various RT-PCR assays are commercially available, but their cost has prevented their widespread use.
Coliphage Q␤ is a member of the Leviviridae viral family, like MS2. Q␤ infects Escherichia coli F-positive strains and has a 4,219-bp RNA genome that encodes a replicase and the structural proteins C, A, and A1 (18) . Different Leviviridae family members have been used for the expression of heterologous epitopes. It was shown that insertions in the C-terminal region of the A1 protein did not alter phage production and assembly, and it was possible to obtain chimeric particles that expressed the pre-S1 region of hepatitis B virus (31) or the dihydrofolate reductase enzyme in the phage capsid (16) . By electron microscopy analysis, it was observed that the icosahedral structure of the recombinant particles was similar to that of the wild-type phages (31) .
In this article, we describe a strategy for the production of a stable CIC based on a Q␤ phage derivative to be used for the molecular detection of RNA viruses. We first applied our strategy to HCV, an RNA virus that is the major causative agent of parenterally transmitted non-A, non-B hepatitis (12, 20) .
The CIC described here is a recombinant Q␤ phage (rQ␤) that bears the same primer pair used for the detection of HCV RNA. rQ␤ is added to the plasma sample and is processed together with the target nucleic acid. rQ␤ and HCV RNAs are reverse transcribed and amplified in a single reaction, and both amplicons are differentiated by the use of specific probes. The presence of HCV RNA in plasma was detected using the CIC-HCV RT-PCR assay, a method optimized in our laboratory. This method combines RT-PCR, liquid hybridization with nonradioactive probes, and enzyme immunoanalysis (EIA).
The strategy depicted here is a versatile and low-cost alternative to armored RNA technology for the production of stable CICs and can be adapted for the detection or real-time applications of any RNA target. Moreover, this CIC could be an essential reagent for HCV screening in blood banks in resource-limited settings.
MATERIALS AND METHODS
CIC construction. Primers Q␤Bst98I (5Ј-TATCTTAAGTCGGCAGAAAGCGT CTAGCCATGGCGTGATATTGCG GCCTA-3Ј) and Q␤NsiI (5Ј-GACATGCATT TCCTCGCAAGCACCCTATCAGGCAGTACGACTATCACGGC-3Ј) (bearing KY78 and KY80 sequences, respectively) were used for amplification using pBRT7Q␤ as a template (29) (Fig. 1) . pBRT7Q␤ was kindly supplied by Hans Weber (Universitat Zurich, Zurich, Switzerland) and is a pBR322 derivative in which the Q␤ phage genome cDNA was cloned downstream of the T7 RNA polymerase promoter. PCR was carried out in a 50-l reaction mixture containing 0.2 mM deoxynucleoside triphosphate, 30 pmol of each primer, 2.5 U of Taq polymerase (Fermentas, Burlington, Canada), 10 mM Tris-HCl (pH 9.5), 50 mM KCl, and 3 mM MgCl 2 . Amplification was performed under the following cycling conditions: an initial heat denaturation step at 95°C for 2 min; 35 cycles of template denaturation (94°C for 20 s), primer annealing (50°C for 20 s), and primer extension (72°C for 20 s); and a final extension step (72°C for 5 min).
A 200-bp fragment containing primers KY78 and KY80 (34) and flanking Q␤ sequences was obtained and subcloned into pGEM-T-Easy (Promega, Madison, WI), creating pQ␤pЈ. Later, pQ␤pЈ was digested using Bst98I and NsiI enzymes, and the 200-bp fragment was cloned into pBRT7Q␤, creating pBRT7rQ␤. The entire strategy for the construction of rQ␤ is shown in Fig. 1 and is described in detail in Results below.
Phage lysate production. E. coli strain BL21(DE3)/pLysS was transformed with plasmid pBRT7Q␤ or pBRT7rQ␤. A saturated culture was diluted and grown in LB medium containing 100 g ampicillin/ml and 20 g chloramphenicol/ml at 37°C until reaching an optical density (OD) at 600 nm (OD 600 ) of 0.600. Isopropyl-␤-D-thiogalactopyranoside (IPTG) (1 mM) was added, and induction was performed for 2 h at 37°C. The culture was then centrifuged for 2 min at 12,000 ϫ g (Eppendorf microcentrifuge). Chloroform was added to supernatants, and cellular debris was eliminated by centrifugation.
Evaluation of lysate infectivity. In order to test phage lysate infectivity, E. coli strain XL1 Blue FЈ, sensitive to phage Q␤, was grown in LB supplemented with tetracycline until reaching stationary phase. One hundred microliters of this culture was infected with 10 l of lysate dilutions for 30 min in the presence of 5 mM CaCl 2 and 10 mM MgCl 2 . Soft agar LB was added into the culture, and the mixture was spread onto petri dishes containing solid LB and incubated overnight at 37°C. Phage plaques were counted the following day.
Production of rQ␤ particles for use as CIC. The production of rQ␤ particles for use as CIC was performed according to methods described previously by Sambrook et al. (28) , with some modifications. Briefly, rQ␤ phage particles were obtained by transforming phage-producing plasmid pBRT7rQ␤ into E. coli strain BL21(DE3)/pLysS. A saturated culture was diluted and grown in LB containing 100 g ampicillin/ml and 20 g chloramphenicol/ml at 37°C until reaching an OD 600 of 0.600. Induction was performed for 2 h after the addition of 1 mM IPTG. The culture was centrifuged at 16,000 ϫ g for 5 min at 4°C. Supernatants were collected and warmed to room temperature. Pancreatic DNase (Sigma, Steinheim, Germany) and RNase (QIAGEN, Hilden, Germany) were added to a final concentration of 1 g/ml and incubated overnight at room temperature. Later, solid NaCl was added to a final concentration of 1 M and was allowed to stand for 1 h on ice. Debris was removed by centrifugation at 11,000 ϫ g for 10 min at 4°C. Supernatants were pooled, and solid polyethylene glycol 6000 (Sigma, Steinheim, Germany) was added to a final concentration of 10% (wt/ vol). The mixture was incubated for at least 1 h on ice to allow bacteriophage particles to precipitate. After that, rQ␤ particles were recovered by centrifugation at 11,000 ϫ g for 10 min at 4°C. The bacteriophage pellets obtained from every 500 ml of supernatant were resuspended in 8 ml of SM medium (0.1 M NaCl, 8 mM MgSO 4 ⅐ 7H 2 O, 50 mM Tris HCl [pH 7.5], 2% gelatin). Phage particles were collected by centrifugation at 30,000 ϫ g for 2 h at 4°C in a Beckman SW40 rotor. The supernatant was poured, and 1 to 2 ml of SM medium was added to each tube and incubated overnight at 4°C. The following morning, the solution was pipetted gently to ensure that all the bacteriophage particles had been resuspended. The resulting rQ␤ solution was kept at 4°C and constituted the CIC stock solution.
Clinical samples and RNA purification. From February 2002 to August 2004, a total of 16 plasma samples from 16 known HCV-infected subjects were obtained from the Cátedra de Gastroenterología, Hospital Provincial del Centenario, Rosario, Argentina. An aliquot of each HCV-positive specimen was used immediately after sample collection to determine HCV viral load using Amplicor HCV Monitor 2.0 (Roche Diagnostics Corp., Indianapolis, IN) or by quantitative RT-PCR at the National Genetics Institute (LabCorp, Los Angeles, CA). Samples used in this study were obtained from patients receiving therapeutic treatment according to standardized protocols and were collected at different time points. HCV genotypes were determined by sequencing at the National Genetics Institute before therapeutic trials were started. Residual plasma was aliquoted and stored at Ϫ20°C.
RNA purification from phage lysates was performed according to an in-house method described previously (22) , with the following modifications: 100 l of phage suspension was mixed with 400 l of a lysis solution (4 M guanidine thiocyanate, 10 mM Tris [pH 7.5], 1% ␤-mercaptoethanol, 1 g of tRNA/ml) and incubated at 60°C for 10 min. RNA was precipitated with 500 l of isopropanol at room temperature, centrifuged, washed with 70% ethanol, and resuspended in 100 l of diethyl pyrocarbonate-H 2 O. All RNA samples were kept on ice (up to 2 h) until amplification.
For analysis of clinical specimens, commercial RNA purification was performed with Nuclisens isolation reagents according to the manufacturer's instructions (bioMérieux, Boxtel, The Netherlands). RNA was purified from 200 l of plasma and eluted in 50 l of elution buffer. All RNA recovered from each clinical sample (approximately 34 l) was used for HCV testing using the CIC-HCV RT-PCR assay.
CIC-HCV RT-PCR assay. The CIC-HCV RT-PCR assay system ( Fig. 2 ) was designed with a strategy similar to those of assays previously used for the detection of other viruses (4, 10, 19) . RT-PCR was carried out in 50-l reaction mixtures containing purified RNA, 1ϫ PCR buffer (5 mM KCl, 1 mM Tris-HCl [pH 9]), 2 mM MgCl 2 , 0.3 mM deoxynucleoside triphosphate, 5 mM dithiothreitol, 30 pmol of antisense biotinylated primer KY78 (B-KY78) (TIB Molbiol, Genoa, Italy), 20 U RNase inhibitor (Promega, Madison, WI), and 40 U murine leukemia virus reverse transcriptase (Promega, Madison, WI). RT reactions were carried out using a Mastercycler Personal apparatus (Eppendorf, Hamburg, Germany) at 37°C for 30 min, followed by 5 min at 95°C for murine leukemia virus reverse transcriptase inactivation. After the RT step, cDNA mixtures were placed on ice, and 50 l of PCR mix containing 1ϫ PCR buffer, 30 pmol of sense primer KY80 (TIB Molbiol, Genoa, Italy), 2 mM MgCl 2 , and 2.5 U of Taq polymerase (Fermentas, Burlington, Canada) was added to each tube. PCR mixtures were placed into the thermocycler once the temperature reached 80°C and held at 95°C for 2 min. Amplification was performed with the following profile: 5 cycles of denaturation (20 s at 95°C), primer annealing (20 s at 55°C), and DNA extension (20 s at 72°C), followed by 35 cycles of denaturation (20 s at 95°C), primer annealing (20 s at 52°C), and DNA extension (20 s at 72°C). A final DNA extension step was performed for 4 min at 72°C (Fig. 2B) .
Upon completion of the amplification reaction, biotinylated amplicons were hybridized in solution with fluorescein-containing probes specific for HCV (KY88) (35) or the CIC (VQ␤02 [5Ј-GATTGTTGGCTTTTGGCGCG-3Ј]). Five microliters of biotinylated PCR products was added to 120 l of hybridization buffer (0.75 M NaCl, 75 mM sodium citrate) containing 2 pmol of the KY88 probe or 1 pmol of the VQ␤02 probe. Mixtures were heated at 95°C for 5 min to denature the DNA duplex and held for 10 min at the corresponding hybridization temperature (55°C for KY88 and 65°C for VQ␤02) (Fig. 2C) .
For EIA, 45 l of the hybridized products was transferred into a streptavidincoated microplate well (Nunc, Miami, FL) for hybrid capture. Following a 1-h incubation at 37°C, unbound components were removed by extensive washing. Conjugate solution containing 1.5 U of horseradish peroxidase-conjugated antifluorescein antibodies (Roche, Buenos Aires, Argentina), 100 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 3% fetal calf serum was added to each microwell. The microplate was incubated for 30 min at room temperature on a microplate shaker and washed, and H 2 O 2 and a 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) solution (Wiener Laboratory, Rosario, Argentina) were added to each well. The microplate was then incubated for 30 min at room temperature to allow color development. The reaction was stopped by the addition of 1 M H 2 SO 4 , and the end-point OD was read in a microplate reader at 450 nm with a reference filter of 630 nm (Fig. 2D) . Cutoff values were calculated for each experiment as two times the OD 450 of the negative control. Thus, a specimen was considered to be positive or negative if its OD 450 was greater or less than the cutoff value for that experiment, respectively. rQ␤ stability. The stability of the CIC stock solution was tested at Ϫ20°C, 4°C, 37°C, and 45°C. To evaluate stability at 4°C, a 10 Ϫ6 dilution of the CIC stock solution was prepared in SM medium for every time point assayed. The choice of the 10 Ϫ6 dilution of the CIC stock solution is explained below in Results. RNA purification was carried out from 100 l of the diluted CIC using the modified in-house extraction method described above (22) was tested using the CIC-HCV RT-PCR assay. To study CIC stability at Ϫ20°C, 37°C, and 45°C, 10 l of CIC stock solution was incubated for 5 days at the assigned temperature, and 10 Ϫ6 dilutions were prepared for each parameter, followed by RNA extraction and the CIC-HCV RT-PCR assay as described above.
To analyze the effect of lyophilization on CIC stability, aliquots of 10 l of the CIC stock solution were prepared, frozen at Ϫ70°C, and then lyophilized for 1 h (FreeZone 12-liter freeze-dry system; Labconco Corporation, Kansas City, MO). After lyophilization was completed, each aliquot was incubated for 5 days at 4°C, 25°C, or 37°C. Lyophilates were reconstituted to the original volume (10 l) with SM medium, and 10 Ϫ6 dilutions for each condition were prepared. RNA was extracted and tested using the CIC-HCV RT-PCR assay.
RESULTS

Construction of the CIC rQ␤.
To determine the appropriate Q␤ genomic region for the insertion of primers KY78 and KY80, we performed an exhaustive analysis of the Q␤ sequence to identify the coding and regulatory regions that are essential for phage viability (GenBank accession numbers M99039, X14764, M25167, and AF059242). Based on this analysis, we chose the region coding for the A1 capsid protein, which was reported previously to be capable of being modified without detriment in phage particle production (16, 31) . For the inclusion of HCV primer binding sequences into the phage genome, we designed two oligonucleotides, Q␤Bst98I and Q␤NsiI (Fig. 1A) , that contain (i) Bst98I or NsiI restriction sites useful for cloning, (ii) KY78 or KY80 HCV primer binding sequences, and (iii) phage sequences from the A1 Q␤ region to support annealing to the wild-type phage genome. These oligonucleotides were used in a PCR assay using pBRT7Q␤ as a template (Fig. 1B) . The amplicon was digested with Bst98I and NsiI and cloned into pBRT7Q␤ cut with the same pair of enzymes that had unique recognition sites within Q␤ (Fig. 1C) . The correct construction of the new derivative, pBRT7rQ␤, was confirmed by sequence analysis demonstrating the replacement of sequences within wild-type A1 Q␤ by sequences of the 5Ј noncoding region of HCV corresponding to primers KY78 and KY80 (Fig. 1D) . It is important that the HCV primer binding sequences inserted into the phage genome provide a 200-bp amplicon. Thus, amplicons produced from rQ␤ by the CIC-HCV RT-PCR assay would be similar in size to the 244-bp products generated from the HCV target and should therefore share similar amplification efficiencies. Analysis of rQ␤ phage particle production and infectivity. BL21 bacterial cells bearing the pBRT7rQ␤ or pBRT7Q␤ expression plasmid were induced with IPTG to promote viral particle production (rQ␤ or Q␤, respectively), as described in Materials and Methods. Phage lysates were tested for viral viability and infectivity in phage plaque assays using XL1 Blue bacteria as the receptor strain. In several independent experiments, and using the same methodology, the rQ␤ lysate consistently gave lower titers than wild-type Q␤. To corroborate the presence of the rQ␤ derivative in the lysate, we extracted total RNA and performed the CIC-HCV RT-PCR assay using primers KY78 and KY80 and RNA from an HCV-positive plasma as a control for the assay. For rQ␤ colorimetric detection, we synthesized a 20-bp fluoresceinated probe (VQ␤02) from internal phage sequences flanked by KY78/KY80 (Fig.  1D) . VQ␤02 was specific for Q␤ sequences, hybridized to the internal phage region amplified by KY78 and KY80, had a GC content similar to that of the HCV-specific probe (KY88), and was complementary to the biotinylated amplicon strand generated in the CIC-HCV RT-PCR assay. The colorimetric detection was specific for rQ␤ and HCV since both amplicons could be detected only by their corresponding probes.
The finding of specific PCR products from the phage lysate sample suggested the presence of rQ␤ in the original lysate. However, to confirm that amplicons were actually derived from rQ␤ RNA sequences and not from pBRT7rQ␤ plasmid DNA carrying the rQ␤ genome, the assay was performed with and without the addition of the RT enzyme to the RT reaction mixture. The results demonstrated that in the absence of RT and despite including a DNase treatment step during particle purification, there were still detectable amounts of DNA (data not shown). To eliminate remnant DNA, an appropriate dilution of the lysate was incubated with additional DNase RQ (Promega, Madison, WI), total RNA was extracted, and a CIC-HCV RT-PCR assay was conducted with and without the RT enzyme. After this treatment, amplification products were detected only in samples incubated with the RT enzyme, confirming the elimination of interfering free DNA and the presence of amplifiable rQ␤ RNA in the sample (data not shown).
To avoid the need to use extra DNase, which would increase the cost of CIC production, we prepared serial dilutions of the original lysates in order to dilute the interfering pBRT7rQ␤ plasmid in the rQ␤ suspension. If this strategy were to be successful, we would be able to obtain an rQ␤ dilution where the end-point OD values, after colorimetric detection, were positive in the samples treated with RT enzyme and below the cutoff value in its absence. To evaluate this approach, a CIC-HCV RT-PCR assay was carried out with and without the addition of the RT enzyme on RNA extracted from each serial dilution. We found that two dilutions (10 Ϫ6 and 10 Ϫ7 ) of the rQ␤ stock solution could adequately function as a CIC, as both dilutions had, based on the cutoff value for this particular assay (cutoff value of 0.332), positive OD values in the presence of RT enzyme (OD values of 2.710 and 2.221, respectively), and negative OD values in its absence (OD values of 0.265 and 0.214, respectively). Therefore, the dilution method allowed the selection of an optimal condition where amplification was specific for the RNA target and interfering pBRT7rQ␤ was eliminated. In this way, it was possible to obtain an alternative to and less expensive procedure than DNase treatment. However, it is worth to noting that the optimal dilution condition has to be determined for each independent phage stock preparation.
To corroborate that amplifiable RNA was indeed packaged in the phage particles and was therefore resistant to RNase, an aliquot of a 10 Ϫ6 dilution of the stock lysate was incubated with and without RNase A (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. The reaction was stopped by the addition of RNase inhibitors to the mixture (Promega, Madison, WI), the samples were then processed for RNA extraction, and the whole protocol was performed as described above. Results from two independent experiments showed that samples treated with and without RNase had similar OD values, indicating that the rQ␤ RNA genome was indeed packaged into the viral capsids and thus protected from RNase degradation (data not shown).
Phage stability. As stated above, one of the requirements of an IC for diagnostic RT-PCRs is to be stable over time. The stability of the recombinant phage stock suspension was tested Table 1 . At each time point, positive results were obtained after colorimetric detection with the VQB02 probe, indicating that the rQ␤ stock solution was stable for at least 452 days in SM medium at 4°C. Subsequently, we investigated rQ␤ stability at temperatures that could be compatible with different shipping and transportation conditions. Ten microliters of the rQ␤ stock solution was incubated at Ϫ20°C, 37°C, or 45°C for 5 days. Later, 10 Ϫ6 dilutions were prepared for each temperature condition, followed by RNA extraction and CIC-HCV RT-PCR analysis. Results showed that rQ␤ was not completely stable at temperatures above or below 4°C (data not shown). In view of these results, we evaluated if lyophilization could improve rQ␤ stability. Aliquots of 10 l of rQ␤ stock solution were lyophilized, kept at 4°C, 25°C, or 37°C for 5 days, resuspended in the original volume, and tested. In order to compare the ODs from the different conditions, the 10 Ϫ6 dilution of the rQ␤ stock solution was tested as a reference. As shown in Table 2 , again, only aliquots that were lyophilized and kept at 4°C were stable, suggesting that this temperature was required to ensure rQ␤ stability. Once reconstituted, the lyophilized aliquot was stable for at least 125 days if maintained at 4°C.
Analytical sensitivity and clinical performance of the CIC-HCV RT-PCR assay.
To analyze the sensitivity for the whole assay, we used a commercially available RNA extraction kit (Nuclisens isolation reagents; bioMérieux) and the WHO International Standard (WHO IS) for HCV RNA (27) . Working dilutions of the WHO IS containing 5,000, 500, and 50 IU/ml were prepared in 200 l of HCV-negative plasma. An aliquot of rQ␤ stock solution was added to each prepared sample in order to obtain a 10 Ϫ6 final dilution of the CIC. RNA was extracted and tested with the CIC-HCV RT-PCR assay. Under these conditions, the detection limit of the CIC-HCV RT-PCR assay was 500 IU/ml of HCV RNA, and the addition of the CIC did not affect HCV detection (data not shown). To corroborate these results, two clinical samples with extreme viral loads were analyzed in the presence and absence of the CIC in independent experiments. Results of a representative experiment are shown in Table 3 and demonstrated that the addition of the CIC did not compromise HCV detection independently of the HCV viremia level.
Subsequently, to determine the performance of the CIC in a clinical setting, the CIC-HCV RT-PCR assay was used to analyze 16 clinical samples from HCV-infected subjects previously tested with commercially available assays for HCV viral load quantification. A fixed amount of the CIC (see above) was added to each 200-l aliquot of plasma, and RNAs from both rQ␤ and HCV were coextracted and, after elution, were tested using the CIC-HCV RT-PCR assay. Results are shown in Table 4. The CIC-HCV RT-PCR assay gave concordant results for all the samples analyzed (100%) compared with commercial kits. The presence of the CIC did not compromise HCV detection independently of the viral load, and the CIC-HCV RT-PCR assay was able to detect the different HCV genotypes prevalent in Argentina as efficiently as commercial kits. However, the advantage of using the CIC was highlighted in sample 331, which was negative by CIC amplification, suggesting a false-negative result for this specimen.
DISCUSSION
Since the discovery of PCR and related amplification techniques, it has been known that one of the greatest problems in introducing molecular diagnostics routinely is the false negativity associated in most cases with the great differences in sensitivities of home brew assays (24) . This bottleneck becomes more difficult to overcome if RNA is the target molecule to be detected. This fact is reflected by the very few ICs described until now that have fulfilled the ideal requirements. In this paper, we described the construction of a Q␤ recombinant derivative to be used as a CIC in RT-PCR detection assays. rQ␤ was developed to overcome the weaknesses derived from using naked RNA as an IC (13, 17, 21, 30, 33) and the different amplification efficiencies of stable noncompetitive ICs with respect to the target (6, 7) and as an alternative strategy to armored RNA technology (25) .
First, we evaluated a system of Q␤ phage particle production that consisted of the regulated expression of its genome cloned as cDNA into an expression vector in E. coli, and we demonstrated that this system was an important and useful tool for generating Q␤ phage particles. For the introduction of the HCV sequences corresponding to primers KY78 and KY80, we analyzed which phage regions could be modified without detriment in phage viability. The selected region (Fig. 1B) was the Q␤ A1 coding region, which was previously reported to support the insertion of heterologous epitopes with no effect on the formation of the icosahedral capsid even though A1 protein may be involved in the infection process (31) . Furthermore, by nucleotide sequence comparison analysis, it was demonstrated that this region has a high grade of variability among different members of the family Leviviridae, suggesting that changes in this zone are not important for phage viability (15) . However, when rQ␤ phage particle production and infectivity were analyzed, it was observed that the phage titer for rQ␤ was consistently lower than that for wild-type phage, indicating some deficiency in the replication of rQ␤. It is possible that the recombinant particles were infection defective, because some of the A1 amino acids that had been replaced may be involved in the interaction with the bacterial receptor. However, this loss of infectivity may be an advantage to avoid the excessive replication of a genetically modified agent, a consideration that is important given regulation parameters in various countries related to recombinant agents.
In order to not alter the length and composition of the phage genome, which may affect RNA folding and assembly, the recombinant fragment inserted into the wild-type genome had a size identical to that of the one that replaced it and similar GC content with respect to the HCV amplicon. In this way, both sequences would have similar amplification efficiencies, an essential performance condition, as any factor affecting the amplification would have the same effect on both target templates.
We identified a dilution method to eliminate the remnant pBRT7rQ␤ DNA carrying the rQ␤ genome that made our strategy an even less expensive procedure. After that, we demonstrated that rQ␤ was resistant to RNase degradation and stable in SM medium at 4°C in the test period of 452 days (Table 1) . Although rQ␤ was not completely stable at temperatures other than 4°C, its stability was preserved after lyophilization and reconstitution for 125 days if maintained at 4°C (Table 2) . Therefore, shipping of rQ␤ requires less expense and preparation than shipping of an HCV standard or control, decreasing the cost compared to those associated with dry-ice shipments.
Once rQ␤ was constructed and its stability was evaluated, we included it in the CIC-HCV RT-PCR assay (Fig. 2) . We measured the analytical sensitivity of the whole procedure with a commercial RNA extraction method and the WHO IS, and the detection limit was 500 IU/ml of HCV RNA. Although the sensitivity was lower than that recommended internationally, which is 50 IU/ml (23), it was still within the range accepted by local consensus, equivalent to 50 to 500 IU/ml (1). In our study, we determined the test analytical sensitivity in a 200-l sample volume because most plasma samples that were available had that maximal volume. Therefore, the sensitivity of CIC-HCV RT-PCR assay could be enhanced further by increasing the sample volume to 1 or 2 ml using the kit format from bioMérieux or with other extraction methods that allow efficient RNA purification.
We compared the clinical performance of the CIC-HCV RT-PCR assay against those of reference tests for viral load measurement, such as Amplicor and quantitative RT-PCR. Although the number of HCV-infected individuals included in our analysis was low, our preliminary data indicated that our assay performed well, with a 100% concordance with the reference test, and, more importantly, the CIC did not lower the detection limit of HCV by the CIC-HCV RT-PCR assay (Tables 3 and 4). The only false-negative result was found in sample 331, which was also negative for CIC detection. It is possible that a defect in the storage and/or handling (i.e., the presence of RNase) of this specimen could be responsible for its lack of amplification in our RT-PCR analysis. Even though sample 331 was previously shown to be HCV negative using the reference test, this result emphasizes the importance of including an IC during viral analysis using in-house molecular methods, which highly improves the accuracy of the results.
Finally, the CIC-HCV RT-PCR assay was able to detect the most prevalent HCV genotypes in South America, where ge- b Viral load determined by Amplicor HCV Monitor 2.0 (Roche) (dynamic range, 600 to 850,000 IU/ml).
c Viral load determined by quantitative RT-PCR (NGI) (dynamic range, 39 to 2,000,000 IU/ml).
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on February 23, 2013 by PENN STATE UNIV http://jcm.asm.org/ notypes 1, 2, and 3 are most commonly found (1, 11, 26) . Further studies should be undertaken to demonstrate that the CIC-HCV RT-PCR assay exhibits similar HCV sensitivities for all HCV genotypes. The development of RNase-resistant viral RNA CICs derived from coliphage MS2 using armored RNA technology was previously reported (2, 8) . As rQ␤, both armored CIC RNAs contain the same primer binding sites as their RNA target but have a different probe region, are packaged into phage particles, and are added to the clinical sample to allow the monitoring of both RNA extraction and RT-PCR efficiencies. The strategy presented here has the same advantages of armored technology for the production of RNase-resistant RNA controls but is cheaper because it is not subjected to patent protection and is easier to synthesize. Moreover, rQ␤ represents the whole phage genome and mimics the target virus in a more realistic way than armored CIC RNAs.
In summary, we describe an useful and versatile CIC based on the production of a recombinant Q␤ phage. The use of this control may guarantee the quality of the results and may contribute to the reduction in false negativity due to inhibitors or improper sample manipulation or amplification reactions. We also assessed its incorporation into an in-house CIC-HCV RT-PCR assay and evaluated the analytical and clinical performance of the whole system. It is recognized that the cost of diagnostic reagents represents a barrier to the implementation of international recommendations for molecular testing in many developing regions around the world (3). Due to limited financial resources and the lack of quality control regulations, it is difficult for most clinical laboratories in those areas to implement standardized in-house or commercial molecular tests. The strategy depicted here has the flexibility of introducing a variety of different RNA sequences and could be adapted to the detection or real-time applications of other RNA pathogens of clinical significance, such as other flaviviruses, HIV, enteroviruses, or any other RNA target.
